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Introduction
The coronary arterial tree consists of four basic segments: large epicardial coronary arteries, medium-sized and small arteries, arterioles and capillary vessels, directly supplying myocardial cells. Each of these coronary segments creates different level and degree of resistance to coronary blood flow. Normal (non-stenosed) large epicardial coronary arteries play a minor role in the regulation of coronary vascular resistance and act mainly as conductance vessels.
Normally, coronary blood flow can increase approximately three-to sixfold to meet increasing myocardial oxygen demands. This effect is mediated by vasodilation at the arteriolar bed, which reduces vascular resistance, thereby augmenting flow.
The coronary flow velocity reserve (CFR) represents the capacity of coronary circulation to dilate following an increase in myocardial metabolic demands and can be expressed by the ratio between the hyperaemic and resting peak flow velocities. CFR is an important functional parameter in order that we can understand the pathophysiology of coronary circulation and it can be used to examine the integrity of microvascular circulation. CFR could be evaluated invasively in the catheterisation laboratory and in nuclear medicine through perfusion imaging. Besides these both the transoesophageal and transthorasic methods of the vasodilator stress Doppler echocardiography are reliable for the evaluation of coronary flow velocity changes in the left anterior descending coronary artery (LAD) (1) . Nowadays, CFR can be measured in the posterior descending artery and in the distal LAD, too. The flow velocity variations are proportional to the blood flow if the vessel lumen is kept constant, so the velocity ratio is used as surrogate of flow reserve. Flow within the coronary artery is not calculated by echocardiography because cross-sectional visualisation of the vessel does not allow an accurate measurement of the vessel diameter. Coronary flow velocity by Doppler assessment appears to be biphasic, with a lower peak during systole and a higher peak during diastole. Myocardial extravascular resistance is higher in systole and lower in diastole due to the effect of myocardial contraction.
Coronary flow velocity reserve assessment on the LAD by echocardiography is an excellent option for the evaluation of coronary microcirculation conditions in the absence of significant LAD stenosis (2) . Microcirculatory abnormalities may occur in several diseases including hypertension, diabetes mellitus (DM), hypercholesterolaemia, aortic valve stenosis (AS), dilated and hypertrophic cardiomyopathy (HCM) etc. (3) . Recently, the independent prognostic significance of CFR has been demonstrated in a number of diseases (4-21), however its prognostic role remained questioned in some special disorders. (47) 27 (60) 18 (40) Age (years) 56.5 ± 9.7 57.5 ± 9.1 55.4 ± 10.5 56.4 ± 8.5 56.7 ± 11.6
Methods
Patient population (general considerations
Diabetes mellitus (%) 8 (18) 4 (17) 4 (19) 5 (19) 3 (17) Hypertension (%) 29 (64) 15 (63) 15 (71) 18 (67) 11 (61) Hypercholesterolaemia (%) 8 (18) 2 (8) 6 (29) 4 (15) 4 ( Figure 1 ).
Figure 1. Receiver operating characteristic (ROC) analysis illustrating the diagnostic accuracy of CFR in predicting cardiovascular outcome in female patients with normal epicardial coronary arteries.
The Kaplan-Meier cumulative survival curve illustrating the predictive role of CFR is presented in Figure 2 . 
Prognostic role of CFR in patients with significant CAD not involving the LAD
Patient population. total of 49 patients with significant RC and / or CX stenosis were enrolled in this prospective follow-up study. All patients had undergone coronary angiography demonstrating significant RC and / or CX disease without LAD stenosis and dipyridamole stress transoesophageal echocardiography (TEE) as CFR measurement. All patients with significant valvular diseases and atrial fibrillation have been excluded from this study. The success rate of follow-up was 43 out of 49 (88%). Coronary angiography showed significant RC disease in 22 patients (51%), CX disease in 9 patients (21%) and combined RC and CX disease in 12 patients (28%). None of patients had significant (>50% stenosis) LAD disease.
Clinical and echocardiographic data of patients with and without events are presented in Table   2 . No major complications occurred during vasodilator stress TEE imaging in any of patients. (21) 4 (17) 4 (14) 4 (27) Hypertension (%) 37 (86) 17 (89) 20 (83) 25 (89) 12 (80) Hypercholesterolaemia (%) 20 (47) 10 (53) 10 (42) 15 (54) (Figure 3 ).
Figure 3. Receiver operating characteristic (ROC) analysis illustrating the diagnostic accuracy of CFR in predicting cardiovascular morbidity and mortality
The Kaplan-Meier cumulative survival curve illustrating the predictive role of CFR is presented in Figure 4 . 
Prognostic role of CFR in patients without significant LAD stenosis
This study comprised 166 patients without significant LAD stenosis. No major complications occurred during vasodilator stress TEE imaging. The success rate of follow-up was 124 out of 166 (75%). The average time of follow-up was 93 ± 34 months.
Coronary angiography. Coronary angiography showed normal epicardial coronary arteries in 81 patients (65%), while 22 patients (18%) had significant right coronary artery (RC) stenosis. Significant left circumflex coronary artery (CX) stenosis were in 9 cases (7%) and combined disease (RC + CX stenosis) in 12 cases (10%). Clinical and echocardiographic data are presented in Table 3 . Coronary flow reserve. CFR ≤2.13 had the highest accuracy (lowest false negative and positive results) in predicting cardiovascular mortality (sensitivity 67%, specificity 60%, area under the curve 62%, p =0.046) ( Figure 5 ).
Figure 5. Receiver operating characteristic (ROC) analysis illustrating the diagnostic accuracy of CFR in predicting cardiovascular morbidity and mortality
Figure 6. Kaplan-Meier survival curves illustrating the predictive role of CFR.
Multivariable analysis. By univariable analysis, grade of AA, CFR and LV end-systolic diameter and volume were significant predictors of cardiovascular morbidity and mortality.
Multivariable regression analysis showed that lower CFR (hazard ratio (HR) 2.43, p =0.04) and higher LV end-systolic volume (HR 1.49, p =0.03) were independent predictors of cardiovascular outcome. (Figure 7 ).
Prognostic role of CFR in patients with aortic valve stenosis
Figure 7. Receiver operating characteristic (ROC) analysis illustrating the diagnostic accuracy of CFR in predicting cardiovascular morbidity and mortality in patients with significant aortic valve stenosis.
The Kaplan-Meier cumulative survival curve illustrating the predictive role of CFR is presented in Figure 8 . Table 5 . Table 5 Clinical and echocardiographic data in patients with hypertrophic cardiomyopathy Cardiac events. During a mean follow-up of 90 ± 24 months, four patients suffered cardiovascular death (2 sudden cardiac deaths and 2 strokes). Other seven patients underwent invasive procedures (coronary angiography, implantable cardioverter defibrillator implantation, percutaneous transluminal septal myocardial ablation) or showed cerebrovascular events.
Coronary flow velocities and reserve. Resting diastolic coronary flow velocities were somewhat higher, while diastolic coronary flow velocities measured at peak stress were similar in HCM patients with events (Table 5) . Using ROC analysis, CFR <2.35 was a significant predictor for cardiovascular survival (sensitivity 91%, specificity 71%, area under the curve 74%, p =0.05) ( Figure 9 ). 
Discussion
The long-term prognostic significance of CFR for prediction of cardiovascular outcome was demonstrated in the SZEGED study during a 9 to 10-year follow-up in patients with significant CAD not involving LAD, in an extended patient group without significant LAD stenosis, in female patients with chest pain and negative coronary angiograms, in a patient group of aortic stenosis, and hypertrophic cardiomyopathy. To my best knowledge, there are the first studies in which prognostic significance of CFR for the prediction of cardiovascular morbidity and mortality has been demonstrated in these patient groups during a 9-10-year follow-up. and idiopathic dilated cardiomyopathy) (5, 6, 9) . Coronary microvascular dysfunction may represent a common pathway leading to a disease progression in these disorders, as well.
It is known, that men are several times more likely to die from cardiovascular disease than women, and male gender is considered as one of the most important cardiovascular risk factors. However, the prognostic significance of CFR has never been assessed in a selected female population.
In recent studies, the prognostic impact of CFR by echocardiography has been demonstrated in different patient populations: dilated (40, 41) and hypertrophic cardiomyopathy (42, 43) , diabetes mellitus (44, 45) , and after heart transplantation (46).
The independent prognostic value of pulsed Doppler-derived CFR during dipyridamol stress echocardiography has been already demonstarted in patients with known or suspected coronary artery disease (35) (36) (37) (38) (39) 49) . CFR provides independent prognostic information also in diabetic and non-diabetic patients with known or suspected CAD (45) . Decreased (<2) CFR was found to be associated with a worse outcome in medically treated patients with singlevessel LAD disease of intermediate severity (50 to 75%) (36) . Moreover, in a general patient population with angiographically normal or near-normal coronary arteries (<50% quantitatively assessed stenosis in any major vessel) and preserved at-rest regional and global left ventricular function at baseline and during stress, CFR adds incremental value to the prognostic stratification (48) . Moreover, the relative prognostic value of CFR and simultaneously evaluated wall motion (38, 39) , aortic distensibility indices (49) However, in the present study the independent prognostic value of CFR by Doppler echocardiography has been confirmed in patients with significant CAD not involving LAD.
It is known that angina pectoris, myocardial ischaemia, inadequate left ventricular hypertrophy, smaller coronary artery dimensions and reduced coronary flow reserve occur in most of AS patients (5, (10) (11) (12) (13) (14) (15) (16) . The reduction of coronary flow reserve that is associated with AS can be explained by the concomitant presence of reduced myocardial supply as a result of decreased coronary perfusion pressure, and increased myocardial metabolic demand as a result of increased left ventricular workload (16) . CFR was found to be similarly decreased in AS patients with and without severe left anterior descending coronary artery (LAD) disease (17) . Moreover, CFR was not found to be suitable for the differentiation or prediction of AS patients with and without significant LAD disease (17) . An improvement in CFR was found 6-12 months after aortic valve replacement (AVR) in prospective follow-up studies (18, 19) . Despite a relatively small number of patients investigated by our working group abnormal LAD-CFR was found to be a strong and independent predictor of long term outcome in every studied population.
Study limitations.
1. Only a limited number of patients in different subgroups were involved in the study.
Further studies are warranted to examine whether prognostic differences of CFR for cardiovascular outcome exist between pre-and postmenopausal female patients with chest pain with normal epicardial coronary arteries in a larger population. Although AS patients were regularly seen by their own cardiologist, only mortality and hospitalisation due to cardiovascular reasons were considered as cardiovascular events. In the present study, it has not been examined if regular cardiological examination has a role in survival in AS patients. 4. In a stress echocardiography consensus statement it has been concluded that the evaluation of LAD-CFR by echocardiography is feasible but the use of CFR as a "stand alone" diagnostic criterion suffers from several structural limitations (51). 
Conclusions (new observations)
1. CFR has a long-term prognostic value for the prediction of cardiovascular outcome during a 10-year follow-up in female patients with negative coronary angiograms.
2. Long-term prognostic significance of LAD-CFR for the prediction of mortality can be demonstrated during a 9-year follow-up in patients with significant coronary artery disease not involving LAD.
3. Prognostic value of CFR for the prediction of mortality has been demonstrated during a long-term follow-up in patients without significant LAD stenosis.
4. Long-term prognostic significance of CFR for the prediction of cardiovascular morbidity and mortality can be demonstrated during a 9-year follow-up in patients with AS. CFR was found to be an independent predictor for future cardiovascular events in AS patients.
5. CFR should be considered as an independent predictor for future cardiovascular events in HCM patients.
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